Abstract This study was undertaken to examine the bioactivity, specificity, and reversibility of lithium's action on the growth, survival, proliferation, and differentiation of cultured Schwann cells (SCs). In isolated SCs, lithium promoted a state of cell cycle arrest that featured extensive cell enlargement and c-Jun downregulation in the absence of increased expression of myelin-associated markers. In addition, lithium effectively prevented mitogen-induced S-phase entry without impairing cell viability. When lithium was administered together with differentiating concentrations of cyclic adenosine monophosphate (cAMP) analogs, a dramatic inhibition of the expression of the master regulator of myelination Krox-20 was observed. Likewise, lithium antagonized the cAMPdependent expression of various myelin markers such as protein zero, periaxin, and galactocerebroside and allowed SCs to maintain high levels of expression of immature SC markers even in the presence of high levels of cAMP and low levels of c-Jun. Most importantly, the inhibitory action of lithium on SC proliferation and differentiation was shown to be dose dependent, specific, and reversible upon removal of lithium compounds. In SC-neuron cultures, lithium suppressed myelin sheath formation while preserving axonal integrity, SC-axon contact, and basal lamina formation. Lithium was unique in its ability to prevent the onset of myelination without promoting myelin degradation or SC dedifferentiation. To conclude, our results underscored an unexpected antagonistic action of lithium on SC mitogenesis and myelin gene expression. We suggest that lithium represents an attractive pharmacological agent to safely and reversibly suppress the onset of SC proliferation, differentiation, and myelination while maintaining the integrity of pre-existing myelinated fibers.
Introduction
Lithium modulates a broad spectrum of cellular processes by means of interaction with diverse intracellular signaling systems in a manner similar to ligands that activate tyrosine kinase and G protein-coupled receptors. Lithium is a well-recognized direct inhibitor of the kinase activity of glycogen synthase kinase (GSK)-3β [1] , which is a downstream effector within the signaling network driven by phosphatidylinositol-3-kinase (PI3-K) and protein kinase B or Akt. The interaction of lithium with these ubiquitous pathways has provided a molecular basis for its widespread role in stem cell lineage specification [2] , proliferation [3] , and differentiation in a variety of cell types [4, 5] .
In Schwann cells (SCs), the ensheathing and myelinating glial cells of the peripheral nervous system, the PI3-K pathway is a node of integration of signals emanating from the axons and the basal lamina, which collectively control the survival, proliferation, and differentiation of SCs into myelin-forming cells [6] . SCs originate from multipotent neural crest cells that give rise to two well-defined stages during embryonic nerve development, the SC precursor, and the Electronic supplementary material The online version of this article (doi:10.1007/s12035-016-0262-z) contains supplementary material, which is available to authorized users.
immature SC [7] . In turn, these cells exit the cell cycle and differentiate into non-myelinating or myelinating cells as dictated by specific signals expressed in sensory or motor axons, respectively. In particular, isoforms of the ErbB/HER receptor agonist neuregulin (Neu) bound to the axonal surface promote SC proliferation [8] , migration (motility), survival, and myelination by triggering downstream signal transduction through the PI3-K/Akt pathway [9, 10] . Extracellular matrix (ECM) components, including diverse isoforms of collagen and laminin located within the basal lamina, are also known to control SC proliferation and myelination through integrin receptor-dependent activation of PI3-K/Akt [11, 12] .
Lithium salts have been the conventional pharmacological treatment for bipolar and major depressive disorders for over six decades [13] . Additional benefits of lithium therapy include neuroprotective [14, 15] , anti-inflammatory [16] , and anti-apoptotic effects [17] , which have been exploited to treat central nervous system trauma [18, 19] and chronic neurodegenerative diseases, such as Huntington's disease, amyotrophic lateral sclerosis, and Parkinson's disease [20, 21] . In the peripheral nervous system, it has been shown that lithium administration can foster functional recovery and remyelination after injury [22, 23] . Evidence from in vitro studies has been provided, indicating that lithium enhances SC proliferation [24] and myelin gene expression [22, 25] .
In view of the clinical relevance and safety of lithium therapy for the treatment of nervous system diseases and its potential to mimic cellular responses dependent on PI3-K downstream signaling in mammalian cells [26] , we sought to investigate the bioactivity, specificity, and reversibility of lithium's effects on primary SC cultures. To this end, we performed a comprehensive assessment of the action of lithium compounds on SC growth, survival, proliferation (S-phase entry), differentiation and myelin formation by using a variety of in vitro systems of stepwise complexity. Changes in cell function were monitored by a combination of live cell video-imaging microscopy, fluorescence microscopy, and western blotting. Contrary to our expectations based on previous reports, we found that lithium had a general counterbalancing action on the effect of growth factors known to induce mitosis and myelination. A noticeable feature of lithium's action on SCs was its ability to promote cell enlargement and cell cycle arrest while maintaining SCs in a fairly undifferentiated state even in the presence of strong differentiating signals such as cyclic adenosine monophosphate (cAMP). Lithium halted proliferation and differentiation without driving SC dedifferentiation, compromising cell survival or altering the stability of myelinated fibers. In closing, the effects of lithium on cultured SCs were broad, highly specific, dose dependent, and reversible upon lithium removal. These important features make lithium a promising pharmacological agent to safely modulate the rate of growth, proliferation, and/or myelin formation of SCs during peripheral nerve development, injury, or disease.
Materials and Methods

Materials
Fetal bovine serum (FBS) was obtained from GE Healthcare Life Sciences (Pittsburg, PA). [8-(4-Chlorophenylthio) adenosine-3′, 5′-cyclicmonophosphate] (CPT-cAMP) was procured from Calbiochem-EMD Millipore (Merck, Darmstadt, Germany). Recombinant human heregulin-β1 (herein referred to as neuregulin, Neu) was manufactured from PeproTech (Rocky Hill, NJ). Fluorodeoxyuridine (FudR), propidium iodide (PI), forskolin (Fsk), L-ascorbic acid, sodium dodecyl sulfate (SDS), poly-L-lysine (PLL), mouse laminin from Engelbreth-Holm-Swarm murine sarcoma basement membrane, lithium chloride (LiCl), lithium carbonate (Li 2 CO 3 ), potassium chloride (KCl), and sodium chloride (NaCl) were obtained from Sigma-Aldrich (St. Louis, MO). CellTracker™ Green, 4′,6-diamidino-2-phenylindole (DAPI), Hoechst 33342 (herein referred to as Hoechst), and all secondary Alexa®-conjugated antibodies were acquired from Thermo Fisher (Waltham, MA). Antibodies against myelin basic protein (MBP, cat. no. MAB386), myelin protein zero (P 0 , cat. no. AB9352), myelin-associated glycoprotein (MAG, cat. no. MAB1567), and neurofilament (NF, cat. no. AB5539) were purchased from Chemicon (Temecula, CA). Anti-c-Jun (cat. no. sc-45), anti-β-catenin (cat. no. sc-7963), and horseradish peroxidase (HRP)-conjugated secondary antibodies were obtained from Santa Cruz (Dallas, TX). Antibodies against glial fibrillary acidic protein (GFAP, cat. no. Z0334) and S100 (cat. no. Z0311) were obtained from DAKO (Carpinteria, CA). Anti-collagen type IV (cat. no. 2150-1470) was from AbD Serotec Bio-Rad (Kidlington, UK). Antibodies against β-actin (cat. no. D6A8), GSK-3β (cat. no. 9332), and p-GSK3β (serine-9, cat. no. 9336) were obtained from Cell Signaling (Boston, MA). The O1 and O4 hybridoma cell lines were kindly provided by Dr. M. Schachner (Rutgers, Piscataway, NJ). The hybridoma cell lines for p75 NGFR (clone 192) and Thy-1.1 were from the American Type Culture Collection (ATCC, Manassas, VA). Antibodies against Krox-20 and periaxin (Prx) were kind donations of Drs. Dies Meijer (University of Edinburgh, UK) and Peter Brophy (University of Edinburgh, UK), respectively.
Primary Cultures of Rat SCs
SCs were obtained from the sciatic nerves of adult (10-12-week-old) female Sprague Dawley rats by a modification of a previously reported method [27] . Briefly, the sciatic nerve tissue was cut into small segments and allowed to degenerate in vitro by incubation for 10 days in high-glucose Dulbecco's modified Eagle Medium (DMEM) medium containing 10% heat-inactivated FBS (DMEM-10% FBS). Degenerated nerve explants were dissociated with a mixture of 0.25% Dispase II (Roche Diagnostics, Indianapolis, IN) and 0.05% type I collagenase (Worthington Biochemical Corporation, Columbus, OH), and the resulting cell suspensions were plated onto 10-cm dishes coated with PLL in DMEM-10% FBS. Contaminating fibroblasts were removed by a complement activation reaction (rabbit complement, MP Biomedicals, Santa Ana, CA) using Thy-1.1 antibodies present in the conditioned medium of Thy-1.1 hybridoma cultures. The purified SCs were expanded up to passage one in DMEM-10% FBS supplemented with 2 μM Fsk, 20 μg/ml bovine pituitary extract (Biomedical Tech., Stoughton, MA), and 2 nM Neu. Subsequent passages were carried out in DMEM-10% FBS supplemented with Fsk and Neu only using dishes sequentially coated with PLL and mouse laminin. Experimental conditions were tested using cultures consisting of >98% SCs based on double immunostaining with the SC-specific markers S100β and p75
NGFR
. Experiments were routinely performed using SCs collected at passages 3-5. The percentage of contaminating Thy-1.1-positive cells was <2% regardless of the passage used. We have shown that expanded adult nervederived SCs obtained by this method do not differ significantly from early postnatal rat SCs [28] in their responses to cAMP and capacity to form myelin in vitro [29, 30] .
Fluorescent Cell Labeling
To achieve transient cell labeling, cells were labeled with the fluorescent vital dye CellTracker™ Green. Labeling was done according to the manufacturer's protocol 2-24 h prior to visualization by live cell fluorescence microscopy. Briefly, adherent cells were washed twice to remove traces of serum prior to incubation (30 min, 37°C, 5% CO 2 ) with CellTracker™ (6.5 μM) prepared in pre-warmed serum-free medium. This fluorescent dye is incorporated exclusively by living cells and retained for over 72 h without affecting cell viability. To achieve long-term fluorescent cell labeling, SC cultures were transduced at an early passage with a lentiviral vector encoding the green fluorescent protein (GFP), as described previously [31] . Transduction efficiency was typically >80%. Expression of GFP did not alter the viability, proliferation, or differentiation of SC cultures.
Live Cell Video-Imaging
Cells growing in 24-well plates were imaged by phase contrast microscopy using the IncuCyte ZOOM™ live cell imaging system (Essen BioScience, MI). Images of 16 nonoverlapping fields per well were taken every 2 h using 20× objective lenses. Cells were video-imaged continually for a total period of up to 4-5 days from the onset of plating/treatment. Serial images of representative areas within individual spots were selected for display.
Cell Viability Assays
Cell viability was estimated by measuring the reduction of the tetrazolium compound [3-(4, 5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, MTS] into a soluble formazan compound, which displays an absorbance spectrum that peaks at 490 nm in the presence of phenazine methosulfate. The reduction of the tetrazolium compound is dependent on the activity of cellular dehydrogenases and thus represents a measure that is directly proportional to the number of living cells and/or their metabolic activity [32] . Experiments were set up in PLL/laminin-coated 96-well plates containing cells plated at a density of 7500-10,000 cells per well in DMEM-10% FBS. MTS assays were initiated by adding 20 μl of CellTiter 96® AQueous One Solution Reagent per well in 100 μl culture medium followed by incubation for 3 h at 37°C in a CO 2 incubator, according to the manufacturer's instructions (Promega, Madison, WI). Absorbance reading was carried out at 490 and 690 nm (corrective wavelength) using a microplate spectrophotometer plate reader (BioTek, Winooski, VT) equipped with Gen5.0 Software.
Cell Proliferation Assays
The incorporation of [ 3 H]-thymidine or the thymidine analog EdU (Click-iT® EdU Alexa Fluor® 594 Imaging Kit, Thermo Fisher Scientific, Waltham, MA) into nuclear DNA was assayed as a measure of S-phase entry, as described previously [29] . SCs were plated in DMEM-10% FBS onto PLL/laminin-coated 24-well dishes (typically 60,000-80,000 cells/well). The medium was changed to HEPESbuffered DMEM containing 1% FBS (starvation medium) at least 1 day prior to being subjected to the different treatments. Cells were exposed to medium containing [ 3 H]-thymidine (0.25 μCi/well) throughout the incubation period (typically 3 days) unless otherwise described in the figure legends. EdU labeling reagent was provided at 2 μM for 36 h prior to fixation. Cultures were assayed in triplicate samples in each experimental condition. Mitogenic concentrations of Neu (10 nM) and FBS (10%) were used for all stimulation experiments. Fsk (2 μM) was also added to the culture medium to allow for a synergistic (maximal) enhancement of proliferation [33] . The incorporated [ 3 H]-thymidine was determined by scintillation counting using a multi-purpose LS6500 Beckman Coulter (Brea, CA). EdU incorporation was determined by fluorescence microscopy in fixed cells. For this, the cells were fixed with 4% paraformaldehyde and processed for EdU detection according to the manufacturer's protocol. Additionally, nuclei were stained with Hoechst to reveal the total number of cells.
Differentiation and Dedifferentiation Assays
Isolated SCs were induced to acquire a differentiated phenotype by prolonged treatment with the membrane-permeable analog of cAMP, CPT-cAMP (herein referred to as cAMP), provided at 250 μM in DMEM-10% FBS in the absence or presence of lithium compounds. We have previously shown that cAMP effectively increases the expression of myelination-associated markers in the presence of serum factors [29] . To analyze lithium's effects on dedifferentiation, SCs were induced to differentiate with cAMP for 3 days prior to being subjected to treatment with lithium agonists in medium containing cAMP. Cultures maintained from the outset in the absence of cAMP-inducing agents served as a control for undifferentiated cells in both differentiation and dedifferentiation assays. Cells were analyzed for the expression of a wide range of SC-and myelin-specific markers by means of fluorescence microscopy and western blotting, as described below.
Cultures of Dorsal Root Ganglion Neurons and Myelin Formation Assays
Cultures of purified embryonic dissociated dorsal root ganglion (DRG) neurons were established as described in previous publications [30] . The DRG bodies were dissected from rat embryos on the 15th day of gestation and then dissociated with 0.25% trypsin (37°C, 45 min) followed by gentle mechanical trituration. The resulting cell suspensions were plated as 30 μl drops containing 5000 cells in the center of a culture well. This plating method renders cultures with the neuronal somas located roughly in the center of the well and the neurite outgrowth radiating outwardly towards the periphery of the well. Commercially available 24-well plates coated with poly-L-ornithine and laminin (BD Biosciences, San Jose, CA) were used to establish the neuronal cultures. Cultures were purified of non-neuronal cells by a 3-day treatment with the antimitotic agent FudR (10 μM). The neuronal cultures were established and maintained in Neurobasal medium containing B27 supplement (Thermo Fisher Scientific, Waltham, MA), 25 ng/ml nerve growth factor (R&D Systems, Minneapolis, MN), and 1 mM L-glutamine (Thermo Fisher Scientific, Waltham, MA) up until the onset of myelination (see below). Typically, DRG neurons were used for experimentation within 10-20 days after culture initiation.
Myelinating co-cultures of SCs and DRG neurons were established essentially as previously described [34] with minor modifications [35] . SCs collected at passages 2-3 were dissociated with trypsin/EDTA to obtain a single cell suspension, which was seeded on top of a network of purified dissociated DRG neurons. SCs were allowed to repopulate the axonal outgrowth (proliferation phase) for 7-10 days before inducing myelination by the addition of L-ascorbic acid (50 μg/ ml) and 5% FBS (myelination phase) alone or together with lithium compounds, as indicated in the figure legends. Medium changes were performed on a 3-day basis up until cell fixation and analysis. This was carried out typically 7-10 days after initial ascorbate supplementation.
In order to analyze lithium's effect on myelin integrity, SCs were allowed to form myelin for 10 days prior to being subjected to treatment with LiCl for 2 days. Soluble Neu (provided at high concentration of 50 nM) was used as a positive control for preventing myelin formation and inducing myelin loss in myelinating SC-neuron cultures, essentially as described previously [36] .
SC-neuron cultures were analyzed for the expression of SC-and neuron-specific markers, as follows: (1) coimmunostaining with O1 and MBP antibodies was used to identify myelinating SCs and (2) immunostaining with O4 and collagen type IV antibodies was used to identify axonrelated SCs and ECM components, respectively. Co-cultures were also routinely co-stained with antibodies against NF (axonal marker) and DAPI (nuclear marker), which served as reference controls for the extension of the axonal web and the location of the cells, respectively. To serve as negative controls, non-myelinating SC-neuron cultures were established and maintained in the absence of ascorbate supplementation throughout the time course of the experiments. SCs in ascorbate-deprived cultures typically lack the expression of markers of myelin (O1, MBP) and basal lamina (collagen IV).
Fluorescence Microscopy and Quantification of Image Data
Cultures were fixed for 20 min with 4% paraformaldehyde in PBS, followed by 10 min treatment with −20°C methanol. Cultures were blocked in 5% normal goat serum in PBS, incubated overnight at 4°C with primary antibodies in blocking solution (1:200-1:500), and then rinsed three times with PBS prior to incubation (1 h, room temperature) with Alexa®-conjugated (488, 546/594, and 647) secondary antibodies (1:300) and DAPI. Labeling of O1 and O4 antigens was done by incubating living cells with hybridoma culture supernatant (20 min, room temperature) before washing and fixing with 4% paraformaldehyde. Stained cultures were mounted with anti-bleaching mounting reagent consisting of 2.8% 1,4-diazabicyclo[2.2.2]octane (DABCO, Sigma-Aldrich, St. Louis, MO) and 1% sodium azide in glycerol-PBS (9:1). Fluorescence microscopy analysis was performed using an Olympus IX70 inverted fluorescence microscope or a highcontent screening system (Cellomics ArrayScan VTI HCS Reader, Thermo-Scientific). Black and white images from fluorescence microscopy were artificially colorized, digitally processed, and arranged for presentation using Adobe Photoshop CS6 and Adobe Illustrator CS6. For cell quantification analysis, pictures from random fields were taken using 4x, 10x, or 20x magnification objectives with numerical apertures of 0.13, 0.30, and 0.40, respectively. The number of cells labeled positive for the different markers was determined in reference to the total number of cells (DAPI/Hoechst staining of total nuclei). Cells were classified as positive or negative in reference to non-treated controls and disregarding the variability shown by individual cells.
Quantification of the relative levels of O1, MBP, and NF immunofluorescence in SC-neuron co-cultures was performed using ImageJ V1.48 (NIH, USA). Three independent measures were used to quantify the changes in myelination, as follows: (1) the integrated optic density (IOD) over a large surface area was used to estimate the overall (average) levels of O1, MBP, and NF expression; (2) the proportion of myelinated (MBP/O1 positive) fibers/field was used to represent the local density of myelin segments regardless of their length and staining intensity; and (3) the length and thickness of MBP-positive fibers were used to assess morphometric changes in individual myelinating cells. To calculate the IOD, 50 randomly selected fields (125 × 125 μm, 10×) from each replicate of each condition were used. IOD values were expressed in arbitrary units, and data for each marker was normalized to the IOD value obtained in the ascorbate condition, which was used as a reference control. The density of myelinated fibers was estimated by manual counting of the number of MBP-positive and O1-positive myelin segments in randomly selected 10× fields located outside the area containing the neuronal somata. The length and thickness of MBPpositive fibers were estimated based on individual measurements of perimeter and surface area as determined by individual object tracing and counting of particles using ImageJ.
Western Blots
Total cell lysates were prepared by re-suspending the cells in a buffer consisting of 50 mM Tris, 150 mM NaCl, 1% SDS, and 0.5 mM dithiothreitol (DTT)-Cleland's Reagent (IBI Scientific, Peosta, IA) along with protease inhibitors (1 mM PMSF, 20 ng/ml aprotinin, and 20 μg/ml leupeptin, Sigma) and phosphatase inhibitors (phosphatase mixtures I and II, Sigma-Aldrich, St. Louis, MO). Total proteins were quantified using Pierce™ 660 nm Protein Assay Reagent (Thermo Fisher Scientific, Waltham, MA). Cell lysates were combined with SDS sample buffer (400 mM Tris/HCl, pH 6.8, 10% SDS, 50% glycerol, 500 mM DTT, 2 μg/ml bromophenol blue) and denatures by 5 min of boiling. Equal protein samples (typically 1-5 μg /well) were subjected to polyacrylamide gel electrophoresis under denaturing conditions and transferred to polyvinylidene fluoride membranes (Millipore, Bedford, MA) by liquid transfer. Membranes were blocked with ECL blocking agent (Amersham Biosciences-GE Healthcare Life Sciences, Pittsburgh, PA) in Tris-buffered saline containing 0.05% Tween 20 (TBS-T) and incubated overnight with the appropriate dilution of each primary antibody (typically 1:1000-1:2000). The membranes were washed three times with TBS-T prior to incubation with HRP-conjugated secondary antibodies (1:5000 to 1:10,000). Immunoreactivity protein bands were detected by enhanced chemiluminescence (ECL) using ECL Plus according to the manufacturer's instructions (GE Healthcare Life Sciences, Pittsburgh, PA). To determine the relative changes in the levels of expression of cell surface O1, live SC cultures were incubated with O1 or O4 antibodies and washed extensively before preparing the cell lysates used in electrophoresis. Anti-O1/O4 immunoglobulins were detected by ECL after incubating the membranes with anti-mouse-HRP. Whenever appropriate, the unchanged expression of β-actin is shown as a control of equal cellular protein loading. The total levels of expression of GSK3 and ErbB3, a SC-specific marker, also served for normalization.
Statistical Analysis
The results provided in the figures are representative of at least three independent experiments performed using different batches of cells. Quantitative data is presented as the mean ± SEM obtained from triplicate samples, unless otherwise described in the figure legends. Statistical analysis was performed using GraphPad Prism version 5.00 (GraphPad Software, San Diego, CA). Data regarding tests, post-tests, and statistical significance is indicated in the figure legends.
Results
Lithium Induces Extensive Morphological Changes Without Increasing the Expression of Myelin-Associated Markers in Isolated Primary SCs
To begin analyzing lithium's effects on SC proliferation and differentiation, we treated primary rodent SCs with the widely used formulation lithium chloride (LiCl) and used IncuCyte ZOOM™ live cell video-imaging technology to record the changes in cell density and morphology over a period of up to 4 days. As shown in the selected phase contrast images provided in Fig. 1a , LiCl promoted dynamic changes in SC morphology that were noticeable early after plating but became more prominent with prolonged exposure to the LiCl stimulus. These images clearly revealed that LiCl-treated SCs failed to both extend processes and acquire the characteristic bipolar shape shown in control cells (Fig. 1a , left panels). In the presence of LiCl, SCs remained highly viable but progressively attained a flattened, expanded morphology with a roughly enlarged nucleus and intracellular vacuoles (Fig. 1a , middle panels). Curiously, changes in cell shape and size induced by LiCl resembled those driven by treatment with cell-permeable analogs of cAMP, which are known to provide a strong differentiating stimulus for SCs via inducing cell cycle exit and myelin gene expression [29, 37] . Therefore, to more closely compare the temporal progression of changes in LiCl-treated and cAMP-treated SCs, respectively, selected images of SC cultures induced to differentiate in response to cAMP [29] were also included in the analysis (Fig. 1a , right panels).
Next, to obtain a higher-resolution view of the morphological transformation, SC cultures were treated as above and stained with the vital dye CellTracker™ Green prior to Immunofluorescence microscopy (c) and western blot analysis (d) of the indicated SC-specific markers revealed no significant changes in the expression of myelinating SC markers. d Profiles of GSK-3β phosphorylation (serine-9) and expression (total levels) to confirm the LiCldependent inactivation of GSK-3β. e Dose response and time course dependency of GSK-3β phosphorylation and β-catenin expression in LiCl-treated SCs. Cells were treated with increasing concentrations of LiCl (as indicated) and collected for western blot analysis at 1, 2, and 24 h post-stimulation. Increased β-catenin levels are likely due to reduced degradation of the β-catenin protein in response to GSK-3β inactivation visualization by live cell fluorescence microscopy. Fluorescent cell labeling analysis revealed that similar to cAMP, LiCl induced a widespread extension of the cell membrane along with the appearance of intracellular vacuoles (Fig. 1b) . Results from western blot analysis indicated that LiCl suppressed the expression of the transcription factor cJun/AP1 resembling the pro-differentiating action of cAMP (Fig. 1d) [31, 38] . Nevertheless, further analysis by immunofluorescence microscopy and western blot revealed that these changes occurred without a concurrent induction of the expression of key markers of differentiation such as Krox-20, MAG, Prx, P 0 , galactocerebroside, and O1 (Fig. 1c, d ). Contrary to cAMP treatment, the levels of expression of immature SC markers such as GFAP and p75 NGFR [29, 39] did not change in LiCl-stimulated SCs (Fig. 1d , shown only for GFAP). A minor increase in the expression of the predifferentiation marker O4 (cell surface sulfatide) was observed upon prolonged exposure to the LiCl stimuli. Still, the magnitude of O4 expression was significantly lower than that driven by cAMP (Fig. 1c) .
The bioactivity of LiCl's action in SCs was confirmed by western blot analysis of GSK-3β phosphorylation on serine-9, an inhibitory site on GSK-3β that is specifically phosphorylated by the upstream kinase Akt (Fig. 1d, e) [1] . The effect of LiCl on GSK-3β phosphorylation was highly dependent on the dose of LiCl used and the time of administration (Fig. 1e) . As expected, the increased phosphorylation of GSK-3β induced by LiCl closely correlated with an increased expression of β-catenin (Fig. 1e) , a direct downstream target of the kinase activity of GSK-3β that is stabilized and accumulated in the cytoplasm upon GSK-3β inactivation.
In sum, these results illustrated the prominent role of lithium compounds on initiating signal transduction in SCs in connection to inducing extensive morphological changes and disappearance of c-Jun in the absence of increased expression of myelin-specific markers.
Lithium Specifically and Reversibly Inhibits Mitogen-Induced S-Phase Entry While Preserving Cell Viability
To understand the functional consequences of the striking morphological changes induced by lithium, we examined the effect of LiCl in SCs growing under conditions supportive of active proliferation. For this, we performed live cell videoimaging experiments in isolated SCs treated with LiCl in medium supplemented with a combination of soluble Neu peptide (an ErbB/HER agonist) and Fsk (a direct adenylyl cyclase activator), as this media formulation is capable of inducing maximal levels of proliferation [33] . Results indicated that LiCl not only prevented the mitogen-induced increase in cell density but also induced a dramatic morphological transformation of the cells despite the presence of Neu and Fsk (Fig. 2a) . As expected, treatment with an equimolar dose of NaCl, which was used as a specificity control, had no apparent effect on the morphology or the density of cells (Fig. 2a) . To validate these results, we next tested whether LiCl had a detrimental effect on the overall health of the cells. This was accomplished by assessing the viability of the cultures in Neu/Fsk-supplemented medium using a combination of MTS assays and propidium iodide (PI) incorporation assays (Fig. 2b, c) . Whereas the former assays provide a biochemical measure of total dehydrogenase activity in metabolically active cells, the latter assays provide a relative measure of cell death as PI is only incorporated into the nuclei of dead cells. In close correlation with the reduced cell density (Fig. 2a) , the levels of dehydrogenase activity under conditions supportive of mitogenesis were markedly reduced in the presence of LiCl but not NaCl (Fig. 2b) . We confirmed that this was not due to cell death based on data showing an unchanged proportion of PI-positive cells in LiCl-treated cultures with respect to control (Fig. 2c) . Of note, LiCl did not change the basal levels of dehydrogenase activity and PI incorporation at any of the concentrations tested under non-mitogenic conditions (not shown).
One specific feature of the SC's responses to LiCl stimulation was the conspicuous phenotypic transformation induced by prolonged lithium treatment possibly linked to cell cycle arrest (Figs. 1a, b and 2a) . To test the reversibility of the LiCl-driven changes in cell morphology, we subjected SCs to repeated cycles of LiCl addition and removal prior to analysis by fluorescence microscopy (Fig. 2d) . To monitor the cells over a prolonged period of time, experiments were performed using lentivirally infected SCs transduced to express the green fluorescent protein (GFP). GFP-SCs were treated every 3 days with culture medium containing LiCl [(+) LiCl, 30 mM] or vehicle [(-) LiCl, control], and pictures of live GFP fluorescence were obtained regularly, essentially following the schedule presented in Fig. 2d (graphical bars) . Representative images of LiCltreated [(+) LiCl] and LiCl-deprived [(-) LiCl] cultures taken at 3-day intervals over a time course of 9 days following the onset of treatment revealed the fast recovery of an elongated, bipolar morphology after the removal of the LiCl stimulus (Fig. 2d) . Typically, a 3-day period of re-exposure to LiCl was sufficient for SCs to regain an enlarged, expanded shape. Acquisition of an elongated shape was not observed in cultures receiving re-addition of LiCl either in the absence (not shown) or presence (Fig. 2d) of serum or soluble mitogenic factors.
Another specific feature of LiCl's action in SCs was its ability to prevent expansion of the cell population (Fig. 2a) . Thus, we subsequently carried out EdU and [ 3 H]-thymidine incorporation assays to confirm whether lithium would exert a direct inhibitory action on mitogen-induced S-phase entry. As shown in Fig. 3a , b, the addition of LiCl (but not NaCl) reduced the proportion of cells that incorporated the EdU label into nuclear DNA to nearly basal levels. LiCl strongly and specifically reduced EdU incorporation when administered in the presence of serum alone (weak proliferative stimulus) ( Supplementary Fig. 1a, b) or together with Neu and Fsk (maximal proliferation) (Fig. 3a, b) . In addition, LiCl reduced DNA synthesis in a dose-dependent (Fig. 3c) , lithium-specific (Fig. 3d) , and reversible manner (Fig. 3e) . The requirement of lithium was reflected by the fact that an equimolar concentration of Li 2 CO 3 inhibited whereas NaCl or KCl had no effect on S-phase entry, as determined by scintillation counting of incorporated [ 3 H]-thymidine (Fig. 3a, b, d ). The reversibility of lithium's action was indicated by the high levels of [ 3 H]-thymidine that SCs incorporate after the withdrawal of LiCl from the culture medium (Fig. 3e) . LiCl withdrawal allowed SCs not only to regain their typical elongated, bipolar Statistical significance was annotated as follows: ns not significant; *p < 0.05; **p < 0.01; ***p < 0.001. d Recovery of a spindle-shaped morphology after LiCl withdrawal. Lentivirally infected SCs (GFP-SCs) were subjected to repeated 3-day cycles of LiCl addition (black rectangles, 30 mM) and LiCl removal (white rectangles, vehicle). Cells were maintained in DMEM medium containing 10% FBS throughout the time course of the experiment to support cell survival over a prolonged period of time (9 days). Images of GFP fluorescence were taken at the indicated time points (i.e., 3, 6, and 9 days after treatment initiation). Note that SCs acquire a flattened and expanded (vacuolated) cytoplasm in the presence of LiCl and a spindle-shaped, elongated morphology in the absence of LiCl regardless of previous treatment shape (Fig. 2c ) but also to effectively re-enter the cell cycle in response to soluble mitogenic factors (Fig. 3e, right bar) .
To summarize the above results, lithium specifically, reversibly, and dose-dependently inhibited cell cycle progression in isolated SCs without compromising cell survival. By contrast to previous reports [24] , we found that lithium effectively counteracted the pro-mitogenic effects of serum, Neu, and Fsk and arrested SCs in the cell cycle without changing the expression of myelin-specific markers.
Lithium Effectively Counteracts the Pro-Differentiating Action of cAMP
The ability of lithium to promote cell enlargement along with cell cycle arrest motivated us to further investigate whether lithium could enhance SC differentiation into myelin-forming cells, as cell cycle exit is an important pre-requisite for the onset of myelin gene expression [40, 41] . To begin addressing this question, we performed experiments in SC-only cultures that consisted essentially of inducing differentiation by provision of cell-permeable analogs of cAMP in the absence or presence of pharmacological lithium compounds [29] . For this, the changes in cell shape along with the expression of markers typical of mature (myelinating) and immature SCs were monitored over time using a combination of live cell video-imaging, fluorescent microscopy, and western blot analysis. Time lapse microscopy indicated that LiCl-treated SCs failed to undergo the typical morphological transformation that occurs in response to prolonged cAMP stimulation (data not shown). In addition, results from immunofluorescence microscopy and western blot experiments revealed that the cAMP-induced expression of the myelin-specific galactolipid O1 and the early transcriptional enhancer of myelination Krox-20 were effectively and dose-dependently reduced in the presence of LiCl (Fig. 4a-d) . Western blot detection of a broader panel of myelin proteins, including P 0 and Prx, confirmed lithium's potency to prevent the cAMP-dependent expression of myelinating SC markers (Fig. 4b) . Interestingly, LiCl-treated cells maintained their characteristic spindleshaped morphology even in the presence of cAMP. This was evidenced by double-immunostaining of O1, and S100, a cytoplasmic SC-specific marker (Fig. 4a) .
Additional immunostaining and western blot experiments suggested that LiCl exerted an antagonistic action on the cAMP-dependent reduction of immature SC markers such as GFAP (Fig. 5a-c ) and p75 NGFR (Fig. 5b) . Results indicated that LiCl-treated cultures were essentially undistinguishable from untreated controls on the basis of the expression of the abovementioned immature SC markers with the exception of c-Jun, which is a transcriptional inhibitor of peripheral myelination [38] . Curiously, LiCl dramatically reduced the levels of expression of c-Jun either in the absence or in the presence of cAMP and it did so irrespective of changes in other immature SC markers (Fig. 5a-c) . Evidence is provided showing maintenance of high levels of expression of two markers typical of immature/mature SCs, S100 (Fig. 5a ) and O4 (Fig. 6b) , in lithium-treated SCs [39] . Of note, higher doses of LiCl reduced P 0 expression in both control and cAMP-stimulated SCs (Figs. 4b and 5c ).
Altogether, it seems apparent that lithium can inhibit the cAMP-dependent expression of Krox-20 and other myelin markers while maintaining high levels of immature SC markers. This occurred even in the presence of differentiating concentrations of cAMP and virtually no c-Jun expression.
Lithium Antagonizes cAMP-Driven Differentiation in a Reversible and Specific Manner
The potent inhibitory effect of LiCl on cAMP-induced SC differentiation was an unexpected observation based on reported studies suggesting a positive action of lithium on the expression of MAG, P 0 , and PMP22 [22, 25] . Thus, we performed a series of experiments to test both the specificity and reversibility of lithium's antagonism on cAMP-driven differentiation in SC cultures treated with LiCl, Li 2 CO 3 , and other chloride compounds. Experiments presented in Fig. 6 indicated that lithium's antagonism on cAMP-induced differentiation was lithium-specific. Firstly, the inhibitory action of LiCl on the cAMP-driven expression of O1 (Fig. 6a) , Krox-20, and P 0 (Fig. 6b, left panels) was mimicked by an equimolar dose of Li 2 CO 3 . Secondly, neither NaCl nor KCl was sufficient to change the expression of these markers in the way shown by chemical lithium compounds (Fig. 6a right panels and 6c) . Li 2 CO 3 rather than NaCl or KCl allowed SCs to maintain a bipolar phenotype (Fig. 6a , S100 expression) and high levels of GFAP (Fig. 6b) despite prolonged CPT-cAMP administration.
Experiments presented in Fig. 7 indicated that the antidifferentiating action of lithium was reversible upon lithium withdrawal from the culture medium. Reversibility experiments consisted on subjecting SCs to a 3-day pre-treatment with 30 mM LiCl or vehicle (control) prior to addition of cAMP in lithium-free medium. Results indicated that cAMP failed to increase the expression of O1 (Fig. 7a) , Krox-20, and P 0 (Fig. 7b) in LiCl-containing rather than LiCl-free medium, regardless of previous exposure to LiCl stimulation. The action of cAMP on the expression of these markers was readily restored once LiCl was removed. Lithium removal allowed SCs to respond to the cAMP stimulus by increasing the levels of Krox-20, O1, and P 0 (Fig. 7a) , as well as downregulating the levels of GFAP (Fig. 7b) . Staining with S100 antibodies (Fig. 7a ) also revealed that removal of LiCl was sufficient to allow cAMP-treated SCs to shift their phenotype from an elongated, bipolar shape to an enlarged, flattened one.
To conclude, the evidence provided herein supports the high specificity and reversibility of lithium's inhibitory action on cAMP-driven SC differentiation. Surprisingly, LiCl elimination was sufficient to restore all typical differentiating responses to cAMP in isolated SCs. [41] . Loss of Krox-20 expression has been shown to occur in concert with an increase in the expression of immature SC genes, such as c-Jun and GFAP, along with cell cycle re-entry [41] . To more specifically address whether lithium could halt Krox-20 expression in mature (Krox-20 positive) cells and/or induce a reversal of the differentiated state, we performed experiments that consisted of delaying the provision of LiCl with respect to the addition of cAMP prior to assessing the expression of differentiation markers (Fig. 8) .
In some experiments (Fig. 8a-d) , the effect of LiCl was compared to that of an equimolar dose of NaCl, which was used to control the specificity of lithium's action. In other experiments (Fig. 8e, f) , the effect of LiCl was compared to that of cAMP removal (−cAMP), as we have shown previously that withdrawal of cAMP analogs is sufficient to re-establish high levels of expression of immature markers such as c-Jun, GFAP, and p75 NGFR [31] . Data derived from these experiments suggested that LiCl effectively counteracted the effect of CPT-cAMP on maintaining high levels of expression of Krox-20 in mature, differentiated SCs, and it did so in a specific manner (Fig. 8a, b) . In the presence of cAMP, LiCl was not sufficient to re-establish the high levels of expression of c-Jun (Fig. 8e ), p75 NGFR (Fig. 8a) , and GFAP (Fig. 8f ) that are typical of immature (cycling) SCs. Albeit LiCl administration affected the cAMP-dependent maintenance of O1 and Prx expression, the magnitude of the inhibitory effect was much less pronounced than that seen for Krox-20 ( Fig. 8a-f) .
Overall, these results suggest that the lithium-dependent blockage of Krox-20 expression occurs without a concurrent increase in the expression of c-Jun or other immature SC markers. Though it seems clear that Krox-20 is a primary target of lithium's antagonistic action on cAMP-driven SC differentiation, lithium itself is insufficient to drive a reversal of the differentiated state in cAMP-treated SCs.
Lithium Effectively Prevents Myelin Formation Without Inducing Myelin Loss
The induction of myelin gene expression and the consequent formation of myelin sheaths by SCs in vitro are dependent on the presence of L-ascorbic acid (vitamin C) [34] . It has been Note that NaCl and KCl were not able to block the expression of Krox-20, P 0 , and O1, under conditions supportive of differentiation. In a, selected areas of cultures double-immunostained with 01 (green) and S100 (red) antibodies are provided to show that the reduction in O1 expression occurs while maintaining high levels of expression of S100. (Color figure online) widely shown that provision of L-ascorbic acid to SC-DRG neuron cultures enables effective ensheathment of axons by SC processes, ECM deposition, basal lamina formation, and myelin membrane wrapping [34] . These changes occur without the need to provide cAMP-stimulating agents. Given the physiological relevance of SC-DRG neuron cultures for the study of myelination, we next used immunofluorescence microscopy analysis to examine whether LiCl would prevent SC differentiation in ascorbate-treated SC-neuron cultures. For these experiments, purified SCs were seeded onto purified embryonic DRG neurons to allow re-population of the axonal outgrowth prior to providing ascorbic acid-supplemented medium in the absence or presence of LiCl. One week after the onset of ascorbate treatment, cultures were analyzed for the . Isolated SCs were treated with cAMP (250 μM) for 3 days prior to receiving treatment with LiCl (as indicated) in the presence of freshly added cAMP. In a-d, SCs were treated with NaCl (30 mM) as a specificity control. In e, f, cAMP was removed from the culture medium to promote the reactivation of immature SC markers [31] . Non-treated cells (vehicle) were used as controls throughout [(−) cAMP, in e, f].C: Control. Cultures were processed for analysis by immunofluorescence microscopy (a-d) and western blot (e, f) 3 days after the removal of cAMP or provision LiCl/NaCl (in the presence of cAMP). Whereas LiCl abolished Krox-20 expression, it only partially reduced the expression of O1 (d, e) and Prx (d, f) under the same experimental conditions. Note that LiCl rather than NaCl interferes with the expression of Krox-20 (a, b) without allowing cells to regain high levels of expression of c-Jun (e), GFAP (f), and p75 NGFR (a). Bar graphs shown in b-d are represented as the mean ± SEM. Statistical analysis was done through repeated measures one-way ANOVA, followed by Dunnett's post-test. Statistical significance was annotated as follows: ns not significant; *p < 0.05; **p < 0.01; ***p < 0.001. In e, the profiles of phosphorylated and total GSK-3β are shown to confirm the bioactivity of LiCl in cAMPdifferentiated SCs expression of the myelinating SC-specific markers O1 and myelin basic protein (MBP), as simultaneous detection of O1 and MBP serves to clearly discriminate myelin-forming (O1-positive/MBP-positive) from non-myelin-forming (O1-negative, MBP-negative) SCs within the co-culture system [30] . For reference purposes, these cultures were routinely stained with antibodies against NF, which revealed the extension of the axonal outgrowth, and DAPI, which revealed the relative density and distribution of SCs and neurons. Some cultures were also immunostained with antibodies recognizing cell surface O4, which was used to identify all axonrelated SCs, and collagen type IV, a main constituent of the ECM used to indicate basal lamina assembly by axoncontacting SCs [34] . As evidenced by the panoramic and higher-resolution immunofluorescence microscopy images presented in Fig. 9a, b , respectively, O1 and MBP expression was markedly reduced in LiCl-treated cultures, even when provided at low concentrations (7 mM). As expected, no myelin formation was observed in cultures maintained from the outset in the absence of ascorbate either when provided alone (Fig. 9a, control) or in the presence of LiCl (not shown). As shown by the quantitative data analysis depicted in Fig. 9c , higher concentrations of LiCl (15-30 mM) abolished O1 and MBP expression in ascorbate-treated cultures (Fig. 9c) , closely resembling the action of high doses of soluble Neu peptide (50 nM), which was used here as a positive control based on its well-known potent inhibitory activity on myelination in ascorbate-treated SC-neuron cultures (Fig. 9a) [36] . The widespread distribution of SCs expressing high levels of O4 in LiCl-treated cultures indicated that lithium prevented myelination without impoverishing the health of the SCs and neurons or their ability to interact with one another (Fig. 10a,  b) . In SC-neuron cultures, O4 expression only occurs in axonrelated SCs (Fig. 10b) and its appearance on the SC surface is suggestive of a functional and stable physical association between SC processes and axons [42] . Likewise, the continued presence of LiCl did not interfere with the ascorbate-induced expression of collagen type IV (Fig. 10a, b) . This result suggests that the impairment in myelin formation does not result from a deficiency in the SC's ability to deposit ECM in response to axon-derived signals [34] . No indication of impaired SC-axon alignment in LiCl-treated SC-neuron cultures was observed, either in the absence or presence of ascorbate (Fig. 10b and data not shown) .
Given that soluble Neu can simultaneously induce myelin fragmentation in vitro [36] , we next tested whether LiCl could have an adverse effect on fully formed myelinating SCs. For these experiments, we simply delayed the administration of LiCl (or Neu as a control) with respect to the provision of Lascorbic acid. In Fig. 11 , a quantitative assessment of the overall optic density representing the intensity of O1, MBP, and NF expression throughout the culture area is provided (Fig. 11a-d) along with an estimation of the density (Fig. 11e), length (Fig. 11g), and thickness (Fig. 11f) of individual myelinated fibers in local areas. Results from immunofluorescence microscopy analysis confirmed that soluble Neu rather than high doses of LiCl (15-30 mM) induced myelin degradation in vitro. Myelinating SCs in Neu-treated cultures exhibited shorter (Fig. 11g) , heavily fragmented MBPpositive segments along with extensively branched, O1-positive membrane processes (Fig. 11a) . A moderate enhancement in the IOD of O1 and MBP expression was apparent in LiCl-treated cultures (Fig. 11a-c) possibly due to the mild increase detected in the length of individual myelin sheaths (Fig. 11g) . Our analysis did not render significant differences in the density (Fig. 11e) or thickness of MBP-positive fibers (Fig. 11f) . Image data analysis of cultures stained with NF antibodies showed no evidence of axonal loss in response to LiCl or Neu treatment under the conditions of our experiments (Fig. 11a, lower panels, and Fig. 11d) . Myelin fragmentation and loss of a compacted shape, which are two independent signs indicative of SC dedifferentiation, were not observed in LiCl-treated cultures.
Our combined data derived from isolated and axon-related SCs indicated that lithium blocks myelination by halting the onset of differentiation while preserving the integrity of preexisting myelin sheaths.
Discussion
This study was initiated to investigate whether lithium could replace or enhance the effect of growth factors that use downstream effectors of the PI3-K signaling network to drive proliferation and/or differentiation into myelin-forming cells. Contrary to our expectations, we found that lithium not only failed to promote proliferation and differentiation of cultured SCs but also prevented S-phase entry and the expression of myelin-specific markers when administered in conjunction with inductive signals such as Neu and cAMP, respectively. The antagonistic action of lithium on cell cycle progression and differentiation was sensitive to the presence/absence of lithium salts as inhibition was readily and specifically relieved upon lithium removal. Lithium had the unique ability to prevent differentiation and maintain high levels of expression of immature SC markers by overriding the pro-differentiating action of cAMP. It also prevented myelin formation without affecting the SC's ability to interact with axons or synthesize ECM components, and it did so without inducing myelin degradation or SC dedifferentiation in mature, myelinating cells. The latter feature not only highlights lithium's safety but also distinguishes its mode of action from that of other extracellular signals (e.g., soluble Neu) and intracellular transcription factors (e.g., c-Jun) that are known to have a dual action in blocking myelination and inducing myelin loss [18, 36] . Understanding the molecular mechanism by which lithium exerts biological effects in SCs requires further investigation. Dose response studies highlighted the need of concentrations of LiCl in the millimolar range in order to observe inhibition of SC proliferation, differentiation, and GSK-3β activity. Of note, this range of concentration is consistent with previous in vitro studies in SCs ( [22] , 10 mM; [25] , 16 mM) and oligodendrocytes ( [43] , 20-30 mM). Importantly, the administration of relatively high doses of LiCl did not hinder specificity of action, as LiCl-dependent changes in SC morphology, proliferation, and differentiation could not be mimicked by equimolar doses of NaCl or KCl. We interpreted this data as an indication of the high specificity of action of LiCl versus that of other chloride salts that are completely ionized in water and provide the same osmolarity in solution. Lithium is the closest physiological analog to sodium and enters to the cell primarily via sodium transporters following a concentration gradient and without energy consumption. Given that these transporters, mainly Na + /H + exchangers and Na + -dependent co-transporting systems, bind sodium and lithium with similar Fig. 9 Lithium prevents myelin formation in ascorbate-treated SC-neuron cultures. SCs co-cultured with DRG neurons (standard methods) were induced to form myelin by the addition of L-ascorbic acid (ascorbate) in the absence (control, vehicle) or presence of LiCl (7 mM unless otherwise noted) or Neu (50 nM). These agents were maintained in the culture medium throughout the time course of the experiments (7 days). Fresh LiCl or Neu was incorporated in the culture medium used for re-feeding every other day after the onset of treatment (methods). In a, b, myelin sheaths were visualized by co-immunostaining using MBP (red) and O1 (green) antibodies. A quantification of IOD for O1 and MBP is shown in c. Bar graphs are represented as the mean ± SEM, normalized to the IOD value obtained in the ascorbate condition. Axons were visualized by staining with NF antibodies (blue) in all images. Nuclei were counterstained with DAPI (b, blue). Images of myelinating co-cultures are presented at low (a, panoramic view) and high magnification (b) to reveal the relative density and quality of the myelin sheaths, respectively. Inhibition of MBP expression in response to LiCl was typically more pronounced than that seen for O1, as suggested by the lesser density (a) and thinner profiles (b) of MBP immunostaining. Higher concentrations of LiCl (15-30 mM) nearly abolished O1 and MBP expression (c), resembling the action of soluble Neu. (Color figure online) affinities, the membrane permeability to these ions has been shown to be similar [44] [45] [46] . Thus, we cannot explain the action of LiCl simply on the basis of hyperosmolar or depolarizing effects and suggest that lithium-specific intracellular mechanisms and effectors are required.
How lithium mediates its pharmacological effects is still a matter of controversy. Yet, at the molecular level, it is wellrecognized that lithium acts primarily as an inhibitor of the activity of GSK-3β through direct and indirect mechanisms. On the one hand, lithium can directly inhibit the activity of GSK-3β by competing with the co-factor Mg +2 for direct binding to the kinase [47] . On the other hand, lithium inhibits GSK-3β activity by enhancing the phosphorylation on Ser-9, an inhibitory site for GSK-3β, through increasing the activity of upstream kinase Akt [48, 49] or decreasing the activity of Ser-9-specific phosphatases [1, 50] . In turn, by means of downregulation of GSK-3β activity, lithium affects multiple signaling systems including Wnt/β-catenin [51, 52] which is implicated in the differentiation of glial cells and myelinogenesis both in the peripheral and central nervous systems [26, 53] . Though lithium mimicked the effect of Neu/ErbB activity on GSK-3β inactivation and β-catenin accumulation, as expected, lithium failed to mimic Neu's effect on SC proliferation [33] . As opposed to Neu, lithium specifically, dose-dependently, and reversibly arrested cells in the cell cycle and inhibited S-phase progression without affecting cell survival. One important aspect of the lithiumdependent proliferation blockage was the reversibility of the effect, as SCs could readily re-enter the S-phase right after the removal of lithium compounds. Intriguingly, an early study suggested that lithium increases the mitogenic activity of axolemma-and myelin-enriched fractions in cultured postnatal SCs [24] . Even though the basis for the discrepancy with our results is unclear, accumulated research has shown that the outcome in cell proliferation can be cell type-, context-, and stimulus-dependent. An anti-mitogenic action of lithium has been reported primarily in cancer cells from colon, neuroblastoma, and leukemia [54] [55] [56] . In normal cells, on the contrary, both the action of lithium and that of GSK-3β inhibitors have been prevalently linked to an increase rather than a decrease in cell proliferation rates. Examples are neural precursor and mesenchymal stem cells that respond to lithium treatment by undergoing proliferation, typically in a GSK-3β/β-catenindependent manner [2, 3] . Whether lithium compounds In addition to inducing cell cycle arrest, prolonged lithium treatment also promoted substantial cell flattening, enlargement, and vacuolization of the cytoplasm, somehow resembling the pro-differentiating action of cAMP in cultured isolated SCs. Besides, lithium suppressed the expression of cJun/AP1, an event that has been associated with a halt in proliferation and onset of myelination [38] . Nevertheless, and as opposed to cAMP, we observed that these changes occurred Fig. 11 Lithium preserves the integrity of pre-existing myelinated fibers. a Representative immunofluorescence microscopy images of myelinating SC-neuron cultures treated with LiCl or Neu. b-d Quantification of the relative levels of O1, MBP, and NF expression over a large surface area based on fluorescence microscopy data. e Quantification of the number of myelin sheaths in selected areas outside of the area containing the neuronal bodies (MBP-positive /O1-positive cells). f, g Morphometric analysis of MBP-positive myelin segments. SC-DRG neuron cultures were induced to form myelin by the addition of L-ascorbic acid (ascorbate) for 7 days (as described in Fig. 9 ) followed by treatment with vehicle (control), LiCl (30 mM or as indicated), or Neu (50 nM) for an additional 2-day period. Myelin sheaths, axons, and nuclei were identified as described in Fig. 9 . In a, representative images taken at low (upper panels) and high (lower panels) magnification were selected to show the effect of high doses of LiCl and Neu on myelin quantity and quality, respectively (see methods). LiCl not only failed to mimic the demyelinating effect of Neu but also moderately enhanced O1 and MBP expression throughout the culture area (a-c). Compare the appearance of intact myelinating SCs (a, left and middle panels) with that of Neu-treated SCs (a, right panel). In the Neu group, dedifferentiating SCs exhibited long, highly branched processes which stained positive for O1 (a, lower panels). No evident cytotoxic effects of LiCl were observed on SCs or neurons under these conditions. Axonal integrity was preserved in all conditions as revealed by staining with NF (a, d). Myelin fragmentation or other signs of SC dedifferentiation were not observed in control or LiCl-treated cultures. Bar graphs are represented as the mean ± SEM; in b-d, e, data was normalized to the ascorbate condition. Statistical analysis was done through repeated measures one-way ANOVA, followed by Dunnett's post-test. Statistical significance was annotated as follows: ns not significant; *p < 0.05; **p < 0.01; ***p < 0.001 without a concomitant increase in the expression of myelination-associated markers. Lithium-induced changes were highly reversible, as lithium withdrawal was sufficient to restore the proliferative potential and the bipolar shape typical of immature, cycling cells. Not only did lithium exert a strong antagonistic action on the cAMP-dependent expression of various myelin-related proteins and lipids but also it virtually abrogated myelin sheath formation in vitro. Curiously, lithiumtreated SCs were able to maintain high levels of expression of various markers indicative of an immature state even in the presence of cAMP and low levels of c-Jun. The blockage of c-Jun expression by lithium has been documented previously [57, 58] and may explain the antagonistic action on SC proliferation [59] . However, our studies differ from existing literature reporting induction of myelin gene expression in response to lithium in SCs [22, 25] and oligodendrocytes [43, 60] . The study by Ogata et al. [25] reported that co-stimulation of postnatal rat SCs with LiCl (16 mM) and Fsk increased the levels of MAG messenger RNA. The study by Makoukji [22] reported that LiCl (10 mM) increased the mRNA of P 0 and PMP22 24 h post-stimulation in a SC line (MSC80) and primary postnatal mouse SCs. An increase in myelin thickness and acceleration of functional recovery after crush injuries of the facial and sciatic nerves in mice were also reported [22] . The basis for the apparent discrepancy with our results is likely due to aspects such as diverse as the model systems used, the potency and duration of treatment, the outcome measures, and/or context-specific variation in signaling outcome. Whether the SC's responses to lithium would change as a function of the stimulus (e.g., Neu versus axonal membranes), the stage of differentiation of the cells (e.g., adult versus postnatal cells), or the species (rat versus mice) is not known. For instance, we have shown that the time of lithium administration with respect to the administration of the stimulus critically alters the outcome of Neu-and cAMP-dependent proliferation and myelin marker expression, respectively. Inhibition of cell differentiation in response to lithium rarely occurs, but this has been reported in osteogenic cell lines [61] . A recent study which used lithium to increase autophagy in dissociated SCs and cultured nerve segments undergoing Wallerian degeneration provided evidence on a novel use of lithium to enhance myelin engulfment and accelerate the rate of myelin protein breakdown [62] . Though we have not seen evidence indicating that lithium could induce autophagy and/or myelin degradation in intact myelinating SC-neuron cultures, it is possible that the extensive vacuolization of the cytoplasm we have observed in isolated lithium-treated SCs results from an increased autophagic activity. So far, whether lithium aids in myelin clearance during Wallerian degeneration in vitro or in vivo has not been addressed in previous studies and remains an attractive direction for future research.
The blockage of SC differentiation by lithium most likely relies on inhibition of Krox-20. Nevertheless, how lithium inhibits cAMP-driven Krox-20 expression is still uncertain. Though it is possible that this is dependent on the inhibition of GSK-3β, research has shown that not all signals reducing GSK-3β activity would antagonize Krox-20 expression. For instance, Neu and other growth factors such as insulin-like growth factor and fibroblast growth factor effectively activate Akt and inhibit GSK-3β activity in SCs, but none of these factors antagonize the cAMP-driven expression of Krox-20 or that of other myelin-associated genes [63, 64] . In addition to targeting GSK-3β, lithium inhibits the activity of several adenylyl cyclase isoforms [65] and modulates the levels of various intermediaries within the phosphatidylinositol pathway [66] . It is well-established that therapeutically relevant d o s e s o f l i t h i u m b l o c k t h e a c t i v i t y o f i no s i t o l monophosphatase (IMPase) and inositol polyphosphatase-1 (IPP1), which are two key enzymes involved in phosphatidylinositol 4,5-bisphosphate (PIP 2 ) recycling. Inhibition of IMPase and IPP1 by lithium leads to depletion of inositide reserves, which in turn indirectly interferes with the biosynthesis of the second messengers inositol trisphosphate and diacylglycerol in response to extracellular signals that activate phospholipase C (PLC) [67] . Interestingly, PLC is a key downstream effector of both tyrosine kinase and G proteincoupled receptors. Whether impaired inositide recycling or PLC activity contributes to lithium's inhibition of ErbBand/or cAMP-dependent signaling in SCs is not known. Though current research supports the notion that GSK-3β and enzymes of PI metabolism are strong candidates to mediate lithium's effects in mammalian cells in general, further experiments are required in order to elucidate their particular role, if any, in lithium's inhibitory action on SC proliferation and/or myelination. Interestingly, it has been shown previously that induction of autophagy by lithium relies on impaired inositol recycling [68] .
It is currently understood that the initiation and maintenance of a myelinated state depends on the balance between positive and negative transcriptional regulators of myelination [41] . However, further research is needed to identify the broad spectrum of extracellular signals and intracellular pathways involved in this regulation. Negative regulators of myelination are expected to prevent myelination, counterbalance the action of pro-differentiating signals, and actively aid in the SC's conversion into repair cells through inducing their dedifferentiation (reprogramming) and ability to breakdown myelin, an event recently referred to as myelinophagy [62] . The most widely understood negative regulator of myelination is cJun, a transcriptional inhibitor of myelination and promoter of the repair phenotype after nerve injury [69] . To the best of our knowledge, lithium is the first described reversible antagonist of SC differentiation that blocks the onset of myelination without inducing myelin loss, SC dedifferentiation, or c-Jun expression. Given its ability to preclude the SC's transition into a Krox-20-positive state independently of c-Jun upregulation, lithium provides us with a unique way to pharmacologically interfere with the onset of myelination. In addition, the reversibility of lithium's action on cAMP-induced SC differentiation and Krox-20 expression is ideal to delay and possibly synchronize the onset of myelination by endogenous or exogenous (transplanted) SCs and thereby maximize the efficiency of nerve tissue repair and re-myelination [70] . The newly discovered potential of lithium to increase myelin clearance via direct induction of myelinophagy can represent a still-to-be explored beneficial feature for the use of lithium therapy to foster peripheral nerve regeneration.
Our results from in vitro assays underscored a previously unforeseen role of lithium as a dual reversible inhibitor of SC proliferation and differentiation. To validate our data, we combined the use of independent model systems consisting of isolated SCs and SC-DRG neuron cultures due to the advantage they provide in terms of simplicity and physiological relevance, respectively. Experiments using SC-only cultures are easy to set up and allow multiple experimental variables and readouts to be tested in parallel samples, thereby facilitating interpretation of mechanistic results. Throughout these studies, we used Neu and cAMP as inductive signals for proliferation and differentiation, respectively, to maximize the cellular responses in cell division and myelin protein expression in the absence of neurons [31, 35] . Results from differentiation assays were confirmed using SC-neuron cultures prepared under standard conditions supportive of myelination. Despite that these cultures are labor-intensive and timeconsuming to prepare, they have no parallel to address questions on SC-axon interactions and myelination that could not be addressed otherwise. In addition, we have run numerous controls for lithium's activity, specificity, dose dependency, and pathway activation and studied the reversibility of lithium's action on proliferation and differentiation for the first time. So far, it is uncertain how much our results from in vitro assays could be relevant in vivo. In particular, whether lithium reversibly affects the outcome of SC proliferation, Krox-20 expression, and myelination in organotypic cultures and peripheral nerves throughout development, with and without injury, requires more extensive investigation. Because the doses of lithium herein used cannot be used in clinical therapy, we anticipate the need for further research in order to better assess the potential for translation.
A series of studies have documented favorable effects of lithium in the peripheral nervous system. Two independent studies have concluded that lithium promotes earlier motor functional recovery by initially accelerating the growth rate of regenerated axons and enhancing remyelination [22, 71] . Results from Nouri et al. suggest that lithium improves sciatic nerve regeneration after a traumatic lesion [72] . Additional evidence indicates that lithium exhibits synergistic effects in combined therapies with glial-derived neurotrophic factor in a model of rat sciatic nerve injury [23] and enhances the regenerative capacity of spinal motorneurons in a rat model of brachial plexus root avulsion [73] . To conclude, lithium's pharmacology and biological effects in human patients have been extensively documented and its benefits on the central and peripheral nervous systems are seemingly clear. By means of its reversible mode of action, lithium provides us with a novel candidate pharmacological tool to safely control the extent and rate of expansion and myelin formation by SCs in a variety of experimental paradigms.
